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Abstract 

Modern quantum theory introduces quantum structures (decompositions into subsystems) as a 
new discourse that is not fully comparable with the classical-physics counterpart. To this end, so- 
called Entanglement Relativity appears as a corollary of the universally valid quantum mechanics 
that can provide for a deeper and more elaborate description of the composite quantum systems. In 
this paper we employ this new concept to describe the hydrogen atom. We offer a consistent picture 
of the hydrogen atom as an open quantum system that naturally answers the following important 
questions: (a) how do the so called "quantum jumps" in atomic excitation and de-excitation 
occur? and (b) why does the classically and seemingly artificial " center-of-mass + relative degrees 
of freedom" structure appear as the primarily operable form in most of the experimental reality of 
atoms? 
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I. INTRODUCTION 



W. H. Zurek^ presents a criticism of the anachronistic teaching approach of quantum 
mechanics which is that it appears to be a disservice to the ideology required by modern 
degrees of understanding. 

" Quantum mechanics has been to date, by and large, presented in a manner that reflects its 
historical development. That is, Bohr's planetary model of the atom is still ofl,en the point of 
departure, Hamilton- Jacobi equations are used to "derive" the Schrddinger equation, and an 
oversimplified version of the quantum- classical relationship ( attributed to Bohr, but generally 
not doing justice to his much more sophisticated views) with the correspondence principle, 
kinship of commutators and Poisson brackets, the Ehrenfest theorem, some version of the 
Copenhagen interpretation, and other evidence that quantum theory is really not all that 
different from classical- especially when systems of interest become macroscopic, and all one 
cares about are averages-is presented.'''' 

This paper can be considered an attempt to remedy this shared criticism by providing a 
more modern introduction that is less encumbered by classical reasoning. 

So to begin, the hydrogen atom is among the most and best investigated of all physical 
systems serving as the paradigmatic foundation of non-relativistic quantum physics and thus 
a wide range of scientific and technological understanding. Today the science and theory has 
evolved and we are more interested in the different "structures" also called "subsystems" of 
the Hydrogen Atom, such as the Electron and Proton (e as one kind decomposition, 
and the Center- Of-Mass + Relative Position {CM + R) as another kind of decomposition. 

At first glance, the Electron and Proton are real things, and the Center- Of-Mass and 
Relative Position are abstract ideas. To the modern view these structural decompositions 
are each no less real than the other. In classical physics, such structural or subsystem 
considerations are generally considered artificial, that is to say that a composite system's 
center-of-mass is usually an empty point in space, not a physical object that can be observed 
or realistically targeted in an experiment. However, in contrast to this classical mindset, 
atomic physics phenomenology directly considers this CM + R atomic structure. This 
contrast is typically ignored by virtually identifying the atomic e and R systems on the one 
hand, and the p and CM systems on the other hand. cf. Section H for details. 

Entanglement Relativity^" ^° is an important, subtle, and as yet often overlooked part of 
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modern quantum theory which lends itself directly to the clarification of these issues with 
structures. Therefore it is on the basis of Entanglement Relativity^~^° in Section III that 
we explore and highlight these crucial subtleties in distinguishing between the two above 
mentioned structures of the Hydrogen Atom and provide what we consider to be a more 
modern and proper description of experimental reality. By considering the Hydrogen Atom 
as an open^^~^^ quantum system in Section IV, we answer the following important questions: 
(a) how do the so called "quantum jumps" in atomic excitation and de-excitation occur? 
and (b) why does the classical CM + R structure appear as the primarily operable form in 
most of the realistic experimental situations with atoms in spite of its seemingly artificial 
nature. Section V summarizes the answers obtained in a more general form. Section VI is 
a Discussion and we conclude in Section VII. 

II. THE HYDROGEN ATOM: THE STANDARD VIEW 

Historically, it was the observation of discrete energy spectra for atoms of the differ- 
ent chemical elements which has been at the core of the development of quantum theory. 
Physically, these observations come from both the spectroscopic results as well as from the 
inelastic collisions of the atoms with, for example, electrons. 

Detailed observations of the inelastic collisions between atoms and electrons, and more 
precisely the loss of the total kinetic energy in such collisions reveals that the internal energy 
of atoms appears to be discrete, or "quantized", gaining or losing only whole integer values 
of energy. This is in sharp contrast with the macroscopic world we live in wherein it is 
universally observed that classical macroscopic bodies like billiard balls can accelerate or be 
accelerated smoothly, that is to say with a continuous energy spectra that is not quantized 
into discrete integer-like jumps from one speed to another. Further investigations into the 
structure of matter has led to the conclusion that the hydrogen atom is not a fundamental 
particle itself but is instead a composition of a single electron and a single proton {e + p), 
and this is now considered as the fundamental non-relativistic model of the Hydrogen Atom. 

In keeping with a classical-physics model such as the "Solar System Model" for atoms, 
the atomic internal degrees of freedom refer usually to the atomic electrons (e). This then 
has served as the basis for commonly used thoughts and terms such as "electron orbits" and 
"electron energies" in describing the internal structure and internal energy of the atomic 
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elements. However, this is imprecise and as we emphasize in Section V, physically naive. 



A. The textbook theoretical model of the hydrogen atom 

Bearing in mind the fundamental definition e+p, the Hydrogen Atom is defined by way 
of the following Hamiltonian where the model is non-relativistic and spin is not considered 

H^t + f, + Vcoui -i^ + if^-k . ( 1 ) 

2me 2mp \fe-fp\ 

In Eq. (1): k is the standard Coulomb constant, k — (47reo)~^, and the indices e and p refer 
to the electron and the proton, respectively. 

However, Eq. (1) is not really the standard quantum-mechanical theory of the Hydrogen 
Atom. In keeping with the formalism of classical mechanics, what is considered standard 
here is the alternative form with separation of variables. These new variables simplify the 
calculation as well as present an alternative description: 

H^fcM + HR=^ + p-- k-^-, M^m, + nip, //^ = (mj^ + m;Y\ (2) 
ZM Zfxji Ip^i 

In Eq. (2), the alternate degrees of freedom are the atomic center-of-mass (CM) and the 
"relative position" (R), and their formal presentation is given in Eq. (5) below. It follows 
from Eq. (2), that the formal systems CM and R simphfy the model by separating the 
variables, and there is not any coupling between the CM and R variables. 

Physically, the degrees of freedom provided by CM describe the atom as a whole, very 
much like the classically Newtonian or "ballistic" description. The internal degrees of free- 
dom and the related internal atomic energies refer to the atomic system R. Therefore and 
thereby we can present the solution of the Schrodinger equation for i? in a form that is 
uncoupled from the Schrodinger equation for CM: 

HR\nlmi)R = En\nlmi)R (3) 

Eq. (3) above gives both the eigenvalues {En) and the eigenstates {\nlmi)R) of the i?'s 
Hamiltonian Hr] n is the energy (the 'principal') quantum number, while I is the angular- 
momentum- and mi the magnetic-quantum number. This resolves the classically paradox- 
ical discrete energy spectra for the internal degrees of freedom for the chemical elements. 



Every value of the principal quantum number n — 1,2,3,... defines one possible internal 
energy of the atom. By taking the spin into consideration (in the perturbative manner), 
the other quantum numbers can also contribute to defining the possible internal energies 
of the atom, while bearing in mind their well-known relations, / = 1, 2, , 3, n — 1 and 
m = —I,— I + 1, 0, / — 1,/. In the position-representation, the internal- energy (Hr) 
eigenstates \nlmi)R obtain the familiar form of the "wave-function", ipnimiiPR)- 

Most tasks^^ that we are generally faced with while working with the atoms deal with the 
seemingly non- fundamental and seemingly abstract CM + R structure. For example, atomic 
and molecular interferometry and manipulation rely heavily on the CM system, while in 
atomic spectroscopy we refer fairly exclusively to the R system. And so wc might say that 
our everyday experience and phenomenology rely practically and almost exclusively on the 
CM + R structure and form. 

B. The basic phenomenological rule of atomic physics 

The success of atomic physics is intimately linked to the following phenomenological rule: 

An isolated atom spontaneously decays by making a transition from an excited state with 
higher energy Em into a lower energy-state En by emitting a photon of the frequency v = 
{Ejn — En)/h, where h is the Planck's constant. 

These transitions which ultimately lead to the only stable state, the so called 'ground- 
energy state', are commonly described in terms using phrases such as "Quantum Jumps". 
"Quantum Jumps" is a deprecated form of phrasing and reasoning that has proven incom- 
patible with the Schrodinger Law. 

As it is well known, Eq, (3) is equivalent with the time evolution governed by the unitary 
operator U{t) — exp{—itHR/h). Then the probability of transition \nlmi)R — >■ \n'l'm'i,)R, 
\R{n'l'm'i,\U{t)\nlmi)R\'^ = in every instant in time, t, unless n = n',l = I', mi = m'l,. 
Physically, "Quantum Jumps" require intervention of an external field or system on the 
atom. The way out of this apparent contradiction is offered by modern theory of open 
quantum systems, as we express in Section IV. 

In the next section we emphasize some subtleties regarding the Hydrogen Atom's struc- 
ture that prepare for the analysis presented in Section IV. 
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III. QUANTUM STRUCTURES 



Symbolically, the Hydrogen Atom (HA) can be presented as: e-\-p — HA — CM + R. 
In the quantum-mechanical formalism, it means that the HA Hilbert state space, T-Li can 
be factorized as He® Hp likewise as Hcm ® Hr. Of course, He^Hp — H — Hcm <H) Hr. 
Bearing this in mind, the HA Hamiltonian, H, Eqs. (l)-(2), can be presented precisely as: 

fe® ip + ie®fp + Vcoul ^ fcM ^Ir^ IcM ® Hr. (4) 

In Eq. (4) appear the "identity operators" / for the respective factor-spaces of %. 

The two structures of the Hydrogen Atom, e + p and CM + R, are mutually linked by the 
well-known linear (and therefore invertible) canonical transformations (LOT) that introduce 
CM and R as follows: 

RcM = [rriefe + mpfp]/{me + rUp), pR^f^- fp. (5) 

It is a classical and not quantum mechanical reasoning which states that the Linear 
Canonical Transformations can serve only as a mathematical tool or that they exist as a 
mathematical artifact, and not yet as a physically relevant method referring in any way to the 
physical reality of physical objects. Indeed, a pair of apples' center-of-mass is an empty point 
in space, not an object. However, this classical statement is in sharp contrast to the core 
of atomic phenomenology, which refers mainly to the seemingly non-fundamental atomic 
structure CM + R. Resolving this apparent conflict requires the careful and thoughtful 
analysis presented in the remainder of this paper. 

A. Entanglement in the hydrogen atom 

Entanglement Relativity (ER) is a recently established quantum-mechanical rule. As a 
corollary of quantum mechanics, ER estabhshes:^~^° 

(STZ) Typically, a separable form of a pure quantum state |^) for one decomposition obtains 
the entangled form for another decomposition of a composite system. 

In more picturesque terms, there is entanglement for every quantum state of a composite 
system as this follows from kinematics and dynamics. Given these considerations, the model 
of the Hydrogen Atom serves as paradigmatic. 
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-Kinematic arguments. Consider the product of two functions f{x)g{y) of two indepen- 
dent variables, x and y. If we introduce new variables defined as ^ = {x+y)/2 and 77 = x — y, 
then equality applies, f{x)g{y) = /((2^ + rj)/2)g{{2^ — rj)/2). The point is that typically 
the new functions F{^) and G{ri) do not exist, such that f{x)g{y) = F{^)G{ri). 

Getting back to the Hydrogen Atom, the atomic instantaneous state for the CM + 
R decomposition is of the separable tensor-product form \x)cM\nlmi) r. In the position 
representation this form is of the type considered above, f{x)g{y) (cf. also Eq. (7) below). 
Now, introducing the e and p degrees of freedom (the inverse to Eq. (5)), this separability 
of the state's form is lost-the quantum state for the e+p decomposition becomes entangled, 
that is, of the form I], Ci|0i)e|v?j)p. 

The rigorous proof of this finding can be found in the literature e.g.^'^'^ 

-Dynamic arguments. Interacting quantum systems are always entangled. So it is with 
the atomic e + p structure. Actually, the Coulomb interaction in Eq. (1) entangles the 
hydrogen-atom's electron and proton. In an instant of time, the atomic state for the e+p 
structure obtains the entangled form, J2i'^'i\'Pi)e\'fi)p- On the other hand, due to non- 
interaction of the atomic CM and R systems for the isolated atom, the Schrodingcr dynamics 
for the atom as a whole preserves the tensor-product form \x)c Minimi) r for every instant 
of time. So, the Schrodinger dynamics for the hydrogen atom as a whole simultaneously 
preserves separability of states for CM + R and induces entanglement for e structure. 
A dynamical proof of the presence of entanglement for the e + p structure can be found in 
the literature. 

In summary so far, we emphasize that as the universally valid quantum mechanics es- 
tablishes a unique quantum state in every instant in time, there is the following equality 
stemming from both kinematic and dynamic considerations for the Hydrogen Atom: 



While the standard theory (Section II) focuses on the left hand side of Eq. (7), that is to 
say it deals with the "wave functions" x(^cm) and i/JnimiiPR): modern quantum mechanics 
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(6) 



In the position-representation Eq. (6) reads: 




(7) 



extends this standard picture. 



B. Manipulating the atomic degrees of freedom 

Like the concept of entanglement in Section III. A, the concept of local system is also 
relative.^'^ For the hydrogen atom, the 'electron' e and the measurements of its variables 
are local only for the e + p structure. Regarding the alternative CM + R structure, the 
measurements performed on e are partially composite, or in other words "collective". To 
see this, just invert the expressions in Eq. (5): 

fe = RcM + nipPR/ M, fp = RcM - rriepR/M. (8) 

So for example, a measurement of the electron's position fe is partially a measurement 
of positions of both CM and R. The "total" measurement of the positions of both CM and 
R reveals the values of the positions of both e and p. This relativity of local system is a 
general feature of the composite system's structures. Formally, locality of a subsystem is 
distinguished by the appearance of the "identity operator", /, for a given structure. For 
example, for the electron's position observable, fe ® Ip, or for the CM energy, Hcm ^ Ir, 
Eq. (6) and Eq. (7), respectively. 

To illustrate the relativity of "structure" (local system) from the operational perspective, 
we briefly examine some typical experimental situations not only with atoms. 

-Atomic de- excitation. As it is emphasized in Section II. B, it is a general spectroscopic 
fact that the higher (internal) atomic energy quickly decays and is accompanied by emission 
of a photon of some frequency t^- The frequencies of the emitted photons are characteristic 
for every chemical element. Operationally, the decay is "directly" observed by observing 
the emitted photon and by measuring its frequency. Now, bearing in mind the different 
structures of the Hydrogen Atom, i.e. Section III.A, we can say: Observation of the photon 
reveals that the R state change (decay) and (in idealized situation) represents indirect quan- 
tum measurement of the -R's initial energy. For such physical situations, the "fundamental" 
structure, e + p, is of no usc-thc local subsystem of the Hydrogen Atom that is of interest 
is R and its quantum state ipnimiiPR), not the electron e and its states 4>i{fe), Eq. (7). 

-Interference experiments. In past decades, atomic interferometry has attracted much 
attention, for one example, by releasing a cloud of metastable atoms towards a screen with 
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the two open slits (an analogue of the famous Young two-slit experiment in optics), one can 
observe the interference fringes (for a review see e.g. Section 6 in Ref. 15)-the points of the 
impact of the individual atoms on the final screen. Clearly, these spots reveal the atomic 

CM's position on the final screen without making any intervention between the atomic 
source and the final screen. Certainly, the local subsystem of interest is the atomic CM 
system, not the atomic nucleus. 

-The Stern- Gerlach-like experiments and generalizations. Application of some external 
field usually couples external degrees of freedom (e.g. the atomic CM system) with the 
internal degrees of freedom, such as the atomic spin in the Stern-Gerlach experiment. If 
the external field(s) also couple the CM and it! systems, one can design new procedures for 
manipulating the CM dynamic control. For example, in the Stern-Gerlach- like experiments 
with molecules, ^^'^^ this opportunity is very fruitful. Again, the operationally preferred 
structure \sCM -\- R. 

-Laser cooling of atoms. The remarkable experiments reveal the possibility to cool down 
an atomic gas, see e.g. Section 7 in Ref. 15. By properly applying a laser field to the 
gas, one can induce the internal atomic (the i?'s) state transitions depending on the atomic 
velocity (on the atomic CM velocity). So, by externally (partially) controlling the laser- light 
absorption and the photon emission, one can manipulate with the atomic CM kinetic energy 
(velocity). In effect, one can obtain lower temperature of the gas. Again, the structure of 
interest is the atomic CM + R structure. 

-The semi-classical atomic orbits. The proper action exerted on excited lithium atoms 
can have the effect of producing 'Kepler-like orbits' in the lithium atoms. In the manner 
described in Section II, these "orbits" are described as the "electron's orbits". For a very 
short interval of time, the atom resembles the classical Rutherford atom resembling a solar 
system. However, in the theoretical support and explanation of the experiment, the use of the 
i?'s wave functions, ipnimXPR)-, not of the electron's states, (j)i{rc), is made. So, borrowing 
the notation for HA: the preferred structure of the atom in this situation is CM -\- R, 
not e -\- p. This experiment is a remarkable confirmation of the more general theoretical 
considerations^^ of the direct accessibility of the R system. Only in classical-physics terms, 
i.e. in visualization analogous to the Solar-system's composition, may one express the effect 
in terms of the atomic electron. While this supports intuition, it is, strictly speaking, not 
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physically correct. ^° 

-Investigating the "structure of the matter". As in the epoch Rutherford's experiment, 
one can target the composite systems by energetic quantum particles or fields in order 
to observe the deeper spatial structure of a composite system. As to the atomic species, 
ionizing the atoms reveals the presence of the electrons, while bombarding the atoms by 
the energetic particles may reveal the atomic nucleus. So, in these physical situations, the 
preferred structure is e + p and e and p appear as " directly" accessible systems local to this 
structure. 

From the above considerations, we learn: every physical situation distinguishes a preferred 
structure of a composite system and the related "directly observable" local systems. 

C. Equality and non-equivalence of the structures 

For an isolated quantum system, the universally valid quantum mechanics does not a 
priori set a privileged structure. By Zanardi's [2]: 

" Without further physical assumption, no partition has an ontologically superior status 
with respect to any other." 

This is a direct consequence of the universally valid quantum mechanics. A composite 
system's Hamiltonian is unique and the system's quantum state is also unique in every 
instant in time. The state typically takes different forms for different structures. Section 
III. A. But the general rules and logic for describing the subsystems are the same for every 
structure. 

This democratic view to the HA structures is not applicable anymore, regarding the pre- 
dictions for the two structures. In this sense, the two structures are not mutually equivalent. 
E.g., complete knowledge of the electron's state is in no sense sufficient for description of 
the atomic CM or R systems, and vice versa. The wave functions for e, (l)i{fe), and R, 
'ipnimiipR) cannot be even compared to each other; and analogously for the p and CM sub- 
systems. Mathematically, they belong to different "probability spaces", e.g., the integration 
/ \'4^{PR)\'^d^i^p does not provide the probability density for e. As emphasized above, only 
the state of the atom as a whole provides the probability density for arbitrary observable of 
the atom, i.e. of any of the structures. 

These subtle notions equally refer to the possible structures of arbitrary composite quan- 
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turn systems. To this end, the hydrogen atom, as the simplest possible composite system, 
is paradigmatic. 

IV. HYDROGEN ATOM IS AN OPEN QUANTUM SYSTEM 

As emphasized in Section II. B, the phenomenological fact that the "excited" internal- 
energy states are not stable clearly demonstrates that the model of the isolated hydrogen 
atom, Eqs. (l)-(3), is not correct or is at least not complete. 

The proper physical picture offered in modern quantum theory sticks to the later. The 
hydrogen atom is assumed to interact with another physical system, the so called quantum 
vacuum fluctuations (QVF). The total system "Atom + QVF" is now supposed to be de- 
scribed by the Schrodinger Law which makes the atom non-describable by the Schrodinger 
Law. The atom is then said to be "open".^^ The quantum vacuum fluctuation system ef- 
fectively monitors the internal atomic (R) state and provides the smooth (unitary and even 
time-reversible) state change of the total system "Atom + QVF". With emission of one 
photon, the state change reads, e.g.: 

|n = 2, Z = 0, = 0)r ® \0)qvf ^ \n ^ 1,1 ^ 0,mi ^ 0)r ® \1)qvf- (9) 

Now, by ignoring the QVF system in Eq. (9), one obtains impression of the "quantum 
jumps" of Section II. B: \n — 2,1 — 0,mi — 0)r \n — 1,1 — 0,mi — 0)^?. 

A. Arguments from the theory of open systems 

From Eq. (9) and from Section III.C, we learn: the environment QVF targets only the 
atomic i?-system and thus makes a choice of the preferred structure CM + R of the atom. 
Only for the CM + R structure the external influence of QVF is local, and not for e+p. 

This is exactly the structure that is both "directly" accessible (as described in Section 
III.B) as well as usually described in the quantum mechanics textbooks (cf. Section II). 

The related mathematical details can be found in the hterature e.g.^^'^^'^^ These consid- 
erations are open to further technical improvements and there are also some open issues 
related to interpretation (e.g. whether or not the QVF system is 'realistic' or not). Bearing 
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in mind that this closes the conceptual gap in the phenomenological description of Section 
II. B, we will leave these technical and issues of interpretation aside. 

Now, the direct accessibility of the atomic CM + R structure is easily realized: the 
environment makes CM + R directly accessible to observation, while the e + p structure is 
"hidden" as its observation requires specific methods and procedures well known from the 
experimental investigation of the structure of matter. 

The complexity of the theoretical modeUing of atomic de-excitation is an obstacle to a 
more elaborated operational use of these models. This is the reason that the phenomeno- 
logical rule of Section II. B is still in wide use. Further progress in the foundations of the 
theory of open quantum systems can be expected to change this attitude. 

B. Quantum mechanical limit for the hydrogen atom 

For some higher energies the hydrogen atom breaks (ionizes) into a pair (e,p) where 
there are not the atomic (internal) bound states. But the above rule for the preferred 
structure remains the same: now every particle (e and p) polarizes the vacuum and separately 
induces the QV F-sta.te changes. In effect, QVF monitors every particle separately and 
distinguishes the well-known picture of the freely moving electrically charged particles, in 
reference to the structure e + p. This is the familiar picture from electrodynamics, both 
quantum and classical. 

Again, according to Sections II. A and III.B, for the separable state for e + p, it is in 
principle possible to observe entanglement for the alternative structure CM + R. However, 
as this is as yet speculative from the operational point of view, we will not herein elaborate 
on this possibility any further. 

V. PREFERRED QUANTUM STRUCTURES: AN OUTLOOK 

Sections 111 and IV provide us with the following lessons. 

First, for an isolated system, there is no argument and/or criterion or prescription to 
choose a preferred structure (decomposition into subsystems) of a composite system. 

Second, not only operationally, but also from the more fundamental (e.g. the decoherence^^ 
point of view: the choice of the preferred structure is made by the composite-system 's envi- 
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ronment. 

Third, only when considering an atom as open system, we obtain answers to the issues 
of both "quantum jumps" (Section II. B) and to the phenomenologically preferred struc- 
tures (Section III and IV) of the chemical elements. Being physically incomparable and 
information-theoretically separated from the atomic/? system, the atomic electron's "or- 
bits" and "energies" cannot be inferred from the information provided solely by the i?'s 
quantum states ipnimiiPR)- 

VI. DISCUSSION 

Modern quantum mechanics investigates quantum systems that interact with their en- 
vironments. Being, in principle, undescribable by the Schrodinger law, such systems are 
termed "open". The theoretical basis is the so-called Theory of Open Systems, cf. e.g.^^ 
Constant progress in our ability to comprehend open-systems dynamics opens new avenues in 
resolving some long-standing issues in the standard quantum theory of the isolated ("closed" ) 
quantum systems. 

The exploration of quantum structures as we have expressed throughout this paper is 
relatively new to modern quantum theory, and while the structural variations are as old as 
quantum theory itself, only recent progress places it in proper context in modern quantum 
mechanics. To this end, the physical model of the Hydrogen Atom is paradigmatic. Not 
only does such structural analysis help to provide a deeper understanding, but also supports 
a more consistent and further simplified description of the Hydrogen Atom which, in turn, 
serves as a guide for deeper and more sophisticated descriptions of composite quantum 
systems. 

VII. CONCLUSION 

Modern Quantum Theory extends and also deepens our understanding of the quantum 
world. The lessons provided by the Theory of Open Quantum Systems rely heavily on the 
structure of composite systems. In this paper we make use of both, and offer a fresh look into 
the quantum mechanics of the hydrogen atom. We emphasize that modern quantum theory 
naturally and clearly answer two important questions-(a) how do the so called "quantum 
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jumps" in atomic excitation and de-excitation occur? and (b) why does the classically 
and seemingly artificial " center-of-mass + relative degrees of freedom" structure appear as 
the primarily operable form in most of the experimental reality of atoms?-and also that the 
hydrogen atom model itself is paradigmatic, and can be used as a guide in describing certain 
features of composite quantum systems. 
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